Disease mechanism underlying glaucoma remains unclear. Extensive research on this pathology has highlighted changes in vascular parameters and in circulation of the cerebrospinal fluid (CSF). Here, we review the most recent research on alterations in ocular blood flow and/or CSF flow in glaucoma. Ultrasound Doppler imaging studies have shown an increased resistive index in ophthalmic artery's in glaucoma. Furthermore, changes in optic nerve CSF circulation, which can be assessed with magnetic resonance imaging, may lead to a greater translaminar pressure difference, mechanical stress, and poor clearance of toxic substances. This constitutes a new approach for understanding blood-CSF interactions involved in glaucoma.
Introduction
Glaucomatous optic neuropathy is acknowledged to be a major cause of blindness worldwide (1) . In a metaanalysis published in 2006, the mean (95% confidence interval [CI] ) prevalence of primary open-angle glaucoma (POAG) was estimated to be 2.1% (95% CI, 1.6-2.7) for Caucasian populations and 4.2% (95% CI, 3.1-5.8) for black populations (2) . Glaucoma is the world's leading cause of non-reversible blindness (3) . Although elevated intraocular pressure (IOP) is strongly associated with the onset and progression of optic nerve damage, it cannot alone account for the broad spectrum of patients with POAG. First, a large proportion of these patients display typical glaucomatous optic neuropathy in the absence of elevated IOP (a condition known as normal-tension glaucoma [NTG] ). Second, some patients show signs of disease progression even after an effective, treatment-induced reduction in their IOP. Approximately one in six treated POAG patients will become blind in both eyes at some point in their life (4) . Ocular hypertension is the main risk factor for glaucoma but is not the direct cause. The disease mechanism underlying glaucoma (and especially NTG) remains unclear. Extensive research has been performed on the condition's etiology, methods for early diagnosis, and factors that might be predictive of disease progression. The search for risk factors other than elevated IOP has led to the recognition that patients with systemic hypotension (5) or sleep-apnea syndrome (6) are at greater risk of developing glaucoma; this suggests the involvement of vascular factors in the onset and progression of glaucoma. Several studies have reported on various aspects of orbital hemodynamics in glaucoma.
The orbital portion of the optic nerve is surrounded by a sheath of dura mater. Cerebrospinal fluid (CSF) circulates within this sheath, which communicates freely with the intracranial subarachnoid spaces. Hence, the optic nerve is exposed to two different sources of pressures: the anterior IOP and the posterior CSF pressure. Hence, the concept of translaminar pressure has recently appeared as a key parameter in the physiopathology of optic neuropathy. Recent research suggests that along with IOP, alterations in CSF pressure may be involved in glaucoma (7) .
Here, we review recent findings on pathological changes in orbital blood and CSF flows in this context. We then focus on these changes' impact on the development and progression of glaucomatous optic neuropathy.
Altered orbital blood flow in glaucoma
Many researchers have used color Doppler imaging to assess orbital blood flow. Velocity measurements have been reported for the ophthalmic, central retinal, and posterior ciliary arteries in various cohorts of glaucoma patients and healthy controls.
Impaired orbital blood flow in POAG
Studies comparing orbital blood flow in POAG patients and controls (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) report a trend toward an abnormally low peak-systolic velocity (PSV) and/or enddiastolic velocity (EDV), together with an elevated resistive index (RI, defined as (PSV -EDV)/PSV, a marker of vascular resistance. Ophthalmic artery (OA) velocities and RI values (including those found in above-mentioned studies) are summarized in Table 1 . Disparities in the findings may have been due to interstudy methodological differences, such as the inclusion criteria (treated vs. untreated patients, differences in the severity and progression of glaucoma, etc. Glaucoma patients appear to have a lower PSV in their central retinal artery than patients with an elevated IOP but no glaucoma (24) . Hence, the lower velocities found in glaucoma patients do not result from an elevated IOP per se. This observation is strengthened by the fact that despite efficient IOP reduction, blood flow differences are still observed in both untreated and IOP-controlled groups (23) .
Differences in ocular blood flow were also observed in eyes with a normal visual field in glaucoma patients with asymmetric impairment (25) . These findings suggest that changes in ocular blood flow may precede damage to the optic nerve. Thus, ocular blood flow abnormalities may increase the risk of developing glaucoma in ''glaucoma suspects,'' with a threshold RI of 0.75 (26) .
Patients with progressive disease have been compared with patients with stable disease (Fig. 1) . Low blood velocity and high RI in ocular blood vessels appear to reliably predict glaucoma progression (15, (27) (28) (29) . In a study with a mean follow-up period of 7 years, Galassi et al. (30) proposed a threshold RI of 0.78: patients with an RI above this threshold were at a higher risk of glaucoma progression. According to Martinez and Sanchez (31), a threshold RI value of 0.72 in the OA yielded a positive predictive value of 90.5% for glaucoma progression. 
Normal tension glaucoma
Normal tension glaucoma occurs in the absence of elevated IOP. This particular form of glaucoma challenges the physiopathologic model in which optic neuropathy is caused by high IOP. Many researchers have measured alterations in ocular blood flow in NTG patients and assessed the ability of Doppler imaging to discriminate between NTG patients and healthy subjects (8, 11, 19, 22, (32) (33) (34) (35) (36) . As was seen for POAG, these studies of NTG have generally reported low systolic, mean, and diastolic velocities, and an elevated RI ( Table 2) . Again, inter-study disparities are noted. For example, Chiou et al. (34) did not find significant differences in any of the studied vessels, whereas Butt et al. (11) and Abegao Pinto et al. (8) reported altered blood flow in the central retinal artery. Plange et al. (36) concluded that Doppler imaging had a sensitivity of 48% and a specificity of 90% for the identification of NTG and therefore considered that Doppler parameters should not be used as diagnostic criteria for this condition. It remains to be seen whether Doppler parameters are relevant for evaluating the risk of NTG progression (as is the case in POAG). Some researchers have compared ocular blood flow in NTG patients and POAG patients (8, 11, 19, 32, 35) . Again, contradictory results were obtained. For the OA, low velocities and a high RI were reported. In most studies, no NTG vs. POAG differences were observed for the central retinal or posterior cilioretinal arteries. However, Abegao Pinto et al. (32) found a significant difference only in the posterior cilioretinal artery, where the PSV was lower in NTG patients than in POAG patients (Fig. 2) . Interestingly, the only above-mentioned study to report NTG vs. POAG differences in the PSV and RI (11) included only untreated patients. Moreover, the severity of glaucoma and the patients' treatments were not fully described in the other studies -yielding potential confounding factors for the data analysis.
Glaucoma as a consequence of impaired regulation of perfusion pressure
When arterial blood pressure rises during exercise, the body maintains normal ocular blood flow in the OA and the other ocular vessels by increasing the vascular resistance. This can be considered as a form of ocular hemodynamic regulation that protects the eye from over perfusion (37) . It is possible that this regulation is impaired in patients with glaucoma. When PCO 2 is artificially increased (and thus acts like a cerebral vasodilator), the ocular blood flow differences between glaucoma patients and controls are no longer significant, indicating that the differences might result from vasospasm (38, 39) . It has also been suggested that glaucoma patients have an altered endothelial response to nitric oxide and endothelin-1 (cell mediators involved in the regulation of IOP and ocular blood flow through vasodilation and vasoconstriction, respectively) (40, 41) . Some researchers have used other Doppler parameters (such as the mean systolic/diastolic ratio, which was correlated with an arterial compliance index (42)) to compare POAG and NTG patients with controls (32). It is unclear whether patients with signs of vascular dysregulation (such as migraine, Raynaud's phenomenon, etc.) have a higher risk of developing progressive glaucoma. In the Collaborative Normal Tension Glaucoma Study (43), treatment-naive glaucoma patients with migraine were 2.5 times more likely to display disease progression. These patients also responded favorably to treatment, suggesting that they might have a more ''pressure-sensitive'' form of the disease. However, migraine was not found to be a predictive factor for glaucoma progression in the Early Manifest Glaucoma trial (44) or the Ocular Hypertension Treatment Study (45) . In the study by Galambos et al. (35) , both POAG and NTG patients (with or without signs of vascular dysregulation) had an impaired response to postural changes. Although it is possible that subjects with systemic vascular dysregulation have altered ocular regulation, there is no reliable diagnostic test for this kind of vascular dysregulation. Impaired regulation in patients with vascular dysregulation might lead to instability of the blood supply to the optic nerve (particularly during stressful situations with elevated IOP or low arterial blood pressure) (46) . Periods of relative ischemia might therefore occur, causing local inflammation and oxidative damage when perfusion is re-established. It is also possible that repeated episodes of reperfusion injury contribute to the development or progression of glaucoma (47) .
Altered CSF parameters in glaucoma
Glaucoma is now defined as a degenerative optic neuropathy. As mentioned above, a specific feature of the optic nerve is its surrounding sheath of dura mater, within which CSF can circulate. This fluid motion probably has a role in the physiopathology of the optic nerve.
Translaminar pressure differences
Retinal ganglion cells join the optic nerve head and reach the orbital space by passing through the lamina cribrosa. Thus, the lamina cribrosa constitutes a border between the intraocular and orbital spaces. The translaminar pressure difference is defined as the difference between the IOP and the optic nerve CSF pressure. Jonas et al. (48) performed a histopathologic study of eyes that had been enucleated because of severe acute glaucoma. In eyes with acute glaucoma, the lamina cribrosa was thinner, the distance between the intraocular space and the CSF was shorter, and the part of the lamina cribrosa exposed to CSF was wider than in control eyes. Severely elevated IOP therefore has an anatomic impact on the lamina cribrosa. However, the mechanisms underlying glaucomatous optic neuropathy due to acute angle-closure glaucoma and POAG may be very different. Berdal et al. postulated that retrolaminar pressure correlates well with lumbar CSF pressure (as measured by lumbar puncture) and found that the latter was 33% lower in glaucoma patients than in controls (49). Jonas et al. (50) founded that a glaucoma group displayed a lower calculated CSF pressure and greater estimated translaminar pressure difference than a non-glaucomatous group. Furthermore, NTG patients were found to have a lower CSF pressure than POAG patients and controls (51) . Relative to controls, the translaminar pressure difference was significantly higher in NTG patients (because of lower CSF pressure) than in POAG patients (because of higher IOP). In terms of the pathogenesis, low CSF pressure in NTG may be similar to high IOP in POAG. The amount of glaucomatous optic nerve damage is more strongly correlated with the translaminar pressure difference than with the IOP or CSF pressure alone (7, 52) .
Magnetic resonance imaging (MRI) provides a noninvasive but indirect way of evaluating the optic nerve CSF pressure by measuring the optic nerve sheath diameter. An increase in orbital CSF pressure supposedly enlarges the subarachnoid spaces surrounding the optic nerve. Likewise, the diameter of the optic nerve's sheath appears to be greater in cases of intracranial hypertension (53). Wang et al. (54) used MRI to estimate the optic nerve subarachnoid spaces by subtracting the optic nerve diameter from the total optic nerve sheath diameter; the subarachnoid space was significantly smaller in NTG patients than in POAG patients and controls (suggesting that the orbital CSF pressure is abnormally low in NTG). Conversely, Jaggi et al. (55) used computed tomography (CT) to show that the optic nerve sheath diameter is greater in NTG patients than in controls. However, the researchers failed to explain this result because a lower CSF pressure is usually expected (49, 51) .
Disturbances of CSF circulation: a putative optic nerve sheath compartmentalization syndrome
The above-mentioned studies may have been limited by the fact that the correlation between retrolaminar pressure and lumbar CSF pressure does not hold up under disease situations such as glaucoma. In a canine model, Morgan et al. (56) reported that retrolaminar tissue pressure was hardly influenced by intracranial CSF pressure when the latter fell below a certain level. Killer et al. demonstrated that the impairment of outflow pathways in patients with papilledema or NTG resulted in the accumulation of proteins such as lipocalin-like prostaglandin D2-synthase (a beta-trace protein that is thought to induce apoptosis) (57) . By applying CT cisternography, Killer et al. also demonstrated a difference in the concentration gradients of contrast-loaded CSF between intracranial spaces and the subarachnoid spaces of the optic nerve in patients with NTG (relative to control subjects) (58) . The researchers hypothesized that CSF exchanges between intracranial and orbital subarachnoid spaces were disturbed. Changes in physiological CSF circulation might lead to decreased CSF turnover and diminished clearance of toxic substances (59), causing potential damage to axons, mitochondria, and astrocytes (60) . Damage to the optic nerve in glaucoma might result from ''retrograde'' atrophy (i.e. changes in CSF components due to compartmentalization syndrome), in contrast to the ''anterograde'' injuries to retinal ganglion cells caused by elevated IOP (61).
Discussion
Although glaucoma is commonly thought to be the consequence of elevated IOP, doubt has been cast on this model due to the absence of a firm correlation between IOP and glaucoma progression in some patients. At present, IOP-lowering drugs constitute the only effective treatment for glaucoma. These drugs represent a non-negligible public health cost and degrade the patients' quality of life. Furthermore, a significant proportion of glaucoma patients do not respond to these treatments, meaning that glaucoma is still a leading cause of blindness worldwide. Hence, the disease mechanism underlying glaucoma is still the subject of intense investigation.
It appears that glaucoma is associated with low blood flow velocities and high RIs in the ophthalmic, central retinal, and short posterior cilioretinal arteries. These changes in blood flow suggest that impaired regulation of ocular blood flow results in periods of relative ischemia and repeated reperfusion damage to the optic nerve.
Furthermore, changes in the optic nerve appear to result from an elevated translaminar pressure difference (at least in NTG). Glaucoma patients appear to have a lower intracranial CSF pressure and altered CSF circulation in the subarachnoid space around the optic nerve. It has been suggested that a putative optic nerve compartmentalization syndrome can explain these observations. In fact, there is no clear evidence to show that CSF stasis can lead to neurotoxic damage to the optic nerve. One can question whether this putative compartmentalization syndrome is the cause or the consequence of low CSF motion. Considering that the retrolaminar pressure is reportedly hardly influenced by the intracranial CSF pressure (56) , the optic nerve sheath might be compartmentalized under normal conditions. Given the invasive nature of direct experiments on the optic nerve, it is difficult to see how the optic nerve sheath's anatomy can be explored in vivo in fully healthy subjects. Likewise, the evidence that CSF stasis causes neurotoxic damage (62) comes from destructive animal experiments, which can hardly be transposed directly to human pathologies. The optic nerve fibers might be injured by: (i) mechanical stress on the optic nerve fibers passing through the lamina cribrosa; and (ii) reduced clearance of toxic substances.
The CSF's behavior is supposedly linked to blood pulsatility (63) . Indeed, it has been shown that the CSF acts as a buffer between arterial and venous blood pools during the cardiac cycle. Considering that the intracranial volume is invariable, any change in CSF volume must therefore have been induced by a change in blood volume. Furthermore, recent studies have highlighted the link between hemodynamics and intracranial CSF pressure, and the latter is directly related to glaucoma (64) . Consideration of the recent literature shows that these blood-CSF interactions have not yet been comprehensively addressed. Indeed, hemodynamic and/or CSF disorders are still being investigated: (i) at a very fundamental level using mathematical models (65) ; and (ii) in clinical trials (e.g. in the Ocular Blood Flow Assessment in Glaucoma study -NCT02178085).
Transcranial Doppler imaging has been used to evaluate intracranial pressure, with simultaneous measurements of blood flow velocities in the intracranial and orbital parts of the OA. The hypothesis is that blood flow parameters in the two segments of the OA are equal when the external pressure on the eyelid is the same as the intracranial pressure (66) . Once again, further research will be required in order to explore the relationships between blood flow modifications, impaired regulation, and alterations in CSF circulation in the pathogenesis of glaucoma.
Many researchers are investigating various aspects of glaucoma; as of May 2015, 13 studies registered in the clinicaltrials.gov database were assessing ocular blood flow and its regulation, emphasizing the growing interest in this parameter. In most of these trials, blood flow is assessed with orbital ultrasound Doppler imaging or laser Doppler flowmetry. One study was designed to explore the putative correlation between optic nerve sheath diameter and blood flow in the retrobulbar vessels.
Although Doppler sonography is considered to be an operator-dependent technique, the inter-operator variability (when measured) appeared to be acceptable in the glaucoma studies; repeatability and inter-operator agreement were good (67, 68) . However, color Doppler examinations were performed by a single, trained operator most of the time.
Another limitation of Doppler technique relates to the direct contact between the eyelid and the probe; this could influence orbital blood flow to some extent. Identification of the target blood vessel (especially in the posterior orbit) requires good training. Furthermore, measurement of actual blood flow with ultrasound imaging is problematic because the diameter of the studied vessel cannot be reliably estimated. Phase contrast MRI provides new perspectives in this field of investigation. Cerebral blood and CSF flows have been quantified in both healthy subjects and pathological situations (e.g. intracranial hypertension and cerebral venous thrombosis) (71, 72) . It has been shown that intracranial pressure depends on volume exchanges from arterial and venous cerebral blood flow and CSF cerebral flow pulsatility during the cardiac cycle (63). Ambarki et al. (73) used phase contrast MRI to quantify blood flow in the OA in a population of healthy volunteers. It might also be possible to measure orbital venous flow and optic nerve CSF flow (74) (Fig. 3) . As a reproducible, non-invasive technique, phase contrast MRI may be a way of assessing: (i) the interactions between optic nerve CSF flow and arterial and venous flows; (ii) the regulation of these flows; and (iii) the possible impairment of these mechanisms in glaucoma.
In conclusion, assessments of orbital hemodynamics and hydrodynamics mainly rely on Doppler imaging and morphologic MRI. The imaging data support the hypothesis whereby glaucoma is related to alterations in ocular hemodynamic regulation and optic nerve CSF circulation. Doppler imaging can measure blood velocity but not actual blood flow. The probe has to be applied to the eyelid; deep orbital vessels cannot be measured and good repeatability requires a well-trained operator. MRI can combine morphologic and phase contrast techniques and can thus provide dynamic, absolute flow measurements within deep orbital or intracranial structures. Although further studies must now be conducted, phase contrast MRI may improve our understanding of blood-CSF flow interactions and their possible impairment in glaucoma.
